We speculate that structures of genes might have been produced not only by the origination of the gene by itself, but also by the combination of several parts of structures from other species, through events, such as gene transfer, fusion of DNA sequences, and rearrangement of DNA sequences, to create new functions in evolution. To study the relationship between the 3D structure and DNA sequence of proteins comprised of multi-domains, six genes in Escherichia coli, including those coding for Flavodoxin (ferredoxin) reductase, Flavin oxidoreductase, Integrase/recombinase xerD, Endonuclease III, Heat shock protein (grpE), and Elongation Factor Tu (tufB), were chosen, since the 3D structures of these proteins had been determined by X-ray crystallography. The DNA sequences were analyzed by probability as calculated by using a species-specific inhomogeneous Markov model and divided into regions. The probability was calculated by the GeneMark program from the third-order matrix of Class III genes (Escherichia coli horizontally transferred genes) produced with the Markov model by Borodovsky M. et al.. The probability indicates the degree of similarity to the DNA sequence of the genes that were used for producing the matrix with the Markov model. Moreover, the probability indicates whether the origin of the divided DNA sequence would be different from that of the Class III genes. The divided regions, except for those of Flavin oxidoreductase, corresponded to the structural domains classified by CATH. Namely, the divided regions, suggested to be of different origins by analysis with the Markov model, showed correspondence to the domains and the gross content of the 3D structure. We can ascertain which DNA sequences would have been incorporated into the structure of a gene as parts of the structure in evolution. We propose a hypothesis that in evolution, the structure of genes might have been arisen by the incorporation of DNA sequences from other species.
Introduction
Some functional genes are composed of domains that are structurally separated into parts [1] [2] . It is possible to consider that some of them might have been incorporated from other species as parts of the structure in the process of evolution. Therefore, we postulated that structures of genes might have been produced not only by the origination of the gene by itself, but as a composition of several parts of structures from other species, through such events as gene transfer, fusion of DNA sequences, and rearrangement of DNA sequences, etc., and in this way have created a new function in evolution. To demonstrate this hypothesis, we indicate how example DNA sequences of functional genes would be divided into structural domains. Scherer S. et al. reported that by analyzing patterns of probability of DNA sequences using the seventh-order Markov Models produced by DNA sequence fragments, the pattern of some region was found to be different from those of other regions [3] . They suggested the following three reasons to explain the difference of probability in the DNA sequence. One was that there might be a selection pressure on the chromosome. The second is that a lateral gene transfer might have occurred from another species. Last is that the DNA sequence might be incorporated from an organelle into the nuclear genome. They made no mention, however, about the relationship between the structure of the gene and the DNA sequence. Therefore, we thought that we could reveal the structure and function or evolution of a functional gene by analyzing its DNA sequence.
Médigue C. et al. suggested that the codon usage of 708 genes in Escherichia coli could be classified into three classes (Classes I, II, and III) by Fractional Correspondence Analysis and the dynamic clustering method. Class I genes, with intermediate codon usage bias, maintain a low or intermediate level of expression, although some genes may occasionally be expressed at a very high level under environmentally rare conditions. Class II genes, having high codon usage bias, are highly expressed under exponential growth conditions. Genes from Class III, with low codon usage bias, included the following genes for fimbriae, flagellae and pili, integration host factors(hip and himA), genes controlling cell division (dicABC, structurally related to template phages ), several outer membrane or periplasmic protein genes and several catabolic operons (threonine degradation, β-glucoside degradation, fucose degradation), genes containing insertion sequences, and genes behaving as mutators when inactivated (mutH, mutT, and mutD) and lambdoid phage lysogeny control protein. Also they suggested strongly that these Class III genes mostly comprised genes inherited by horizontal transfer [4] [5]. Borodovsky M. et al. analyzed the DNA sequence of Escherichia coli by means of a Markov model and showed that only the results to be identified as the Class III genes in the genome DNA sequence, using matrix produced by Class III genes, were allowed with acceptable accuracy. Accordingly, to explore the DNA sequence from other species, where structural information had been published, we used the third-order matrix, produced with Class III genes by Borodovsky M. et al. (Escherichia coli horizontally transferred genes) for our analysis [5] . The probability indicates the degree of similarity to the DNA sequence of those genes that were used for producing the matrix with the Markov model. Moreover, the probability indicates that the origin of the divided DNA sequence would be different from that of the Class III genes.
To reveal the relationship between the 3D structure and DNA sequence for proteins comprised of multi-domains, six genes in Escherichia coli, such as Flavodoxin (ferredoxin) reductase, Flavin oxidoreductase, Integrase/recombinase xerD, Endonuclease III, Heat shock protein (grpE), and Elongation Factor Tu (tufB), were chosen, because the 3D structures of these proteins had been determined by X-ray crystallography and the complete genomic DNA sequence of Escherichia coli was determined. Since the probability calculated using a matrix of the genes produced with the Markov model indicates the degree of similarity to the DNA sequence of the genes, the DNA sequence of the genes could be analyzed by the probability. By comparison with the regions divided by the probability of the DNA sequence of the gene and the domain of the 3D structure, there was a correspondence between the divided regions of five genes excluding Flavin oxidoreductase in Escherichia coli and the domains classified by "Class", "Architecture", and "Topology" of CATH [6] .
Materials and Methods

Materials
DNA sequences and 3D structures of Flavodoxin (ferredoxin) reductase [7] , Flavin oxidoreductase [8] , Integrase/recombinase xerD [9] , Endonuclease III [10] , Heat shock protein (grpE) [11] , and Elongation Factor Tu (tufB) [12] in Escherichia coli were downloaded from the Colibri Database [13] and Protein Data Bank [14], respectively.
Methods
The probability of a given segment of the DNA sequence is calculated by the program GeneMark. The calculation is basically performed as follows: Each DNA sequence is broken up into "windows," typically comprising 96 bases. The probability that this window contains coding sequence (given a previously determined model of the coding sequence trained for a particular species) is calculated. The window is then moved over one "step," typically 12 bases, and the coding probability is calculated again. When the entire DNA sequence has been traversed in this manner, the average of the windows spanning the sequence is computed (The basis of the computation is Bayes Rule.) [15] . In our analysis, we calculated the probabilities by the GeneMark program with the third order matrix of Class III genes (Escherichia coli horizontally transferred genes) produced by Borodovsky M. et al. with 48 bases as the window size and three-base steps. The probabilities of DNA sequence were analyzed according the following definitions. Additionally, we compared our results with the domain classified by CATH.
Definition of class demonstrating the calculated probability
It is supposed that the greater the calculated probability score of the DNA sequence, the more similar is the codon usage of the genes, by using those matrices produced by Markov models. This indicates that there is more similarity between the analyzed sequence and the sequences of the genes used for producing the matrices as the score becomes closer to 1.0. When the score is closer to 0.0, there is less similarity between them. In contrast, when the score of the probability is close to 0.5, the degree of similarity among them could not be determined. Therefore, meaningful scores of the probability were considered to be greater than 0.6 or less than 0.3. Then we grouped the probability scores into six classes by steps of 0.1, as given in Table 1 .
Table1. Classification of Probability of DNA sequence
Class
Score of probability of DNA sequence 1 less than or equal to 0.3 2 greater than 0.3 and less than 0.6 3 greater than or equal to 0.6 and less than 0.7 4 greater than or equal to 0.7 and less than 0.8 5 greater than or equal to 0.8 and less than 0.9 6 greater than or equal to 0.9
Definition of regions demonstrating classes
The probability was divided into regions when classes changed. But when the probability class ranges from class 3 to class 6, the frequency of the same probability class should be more than five. Also when the frequency of class 1 is more than four continuously, then that position or region was the boundary between two regions.
Definition of CLASS demonstrating classes of region
When the frequency of the same continuous class is more than five, the CLASS is regarded as a class, by itself. Conversely, when the frequency of the same continuous class is less than six, or if no class occurs continuously, then the most frequent class should be taken as the CLASS. Fig. 1 (b) shows the 3D structure corresponding to the gene (PDB code 1fdr). The DNA sequence coding for Flavodoxin reductase could be divided into seven regions, from I to VII. Fig.1 (a) indicates the correspondence between the domains and the divided regions. Regions from I to III belong to the FAD domain, where Flavin Adenine Dinucleotide (FAD) binds [7] . The class and architecture of the FAD domain are "Mainly Beta" and "Barrel," respectively, according to the definition of CATH. Regions from IV to VII belonged to the NADP domain, where NADP/NADPH binds [7] . The class and architecture of the NADP domain are "Alpha Beta" and "3 Layer (aba) Sandwich," respectively. Each domain is classified based on "Class," derived from the secondary structure, "Architecture," which is derived from the gross orientation of the secondary structure, and "Topology" defined by CATH, and corresponding to the divided region. (b) indicates the 3D structure of Flavodoxin reductase (PDB code 1fdr). Blue and red indicate the FAD domain and NADP/NADPH domain, respectively. Also blue and red indicate the two domains classified by CATH; one domain whose class is "Mainly Beta" and architecture is "Barrel," and the other domain whose class is "Alpha Beta" and architecture is "3-Layer (aba) Sandwich."
Results
Analysis of probability of DNA sequence in Flavodoxin reductase
Analysis of probability of DNA sequence for Flavin oxidoreductase
The DNA sequence coding for Flavin oxidoreductase was analyzed by the same method as that used for Flavodoxin reductase. Fig. 2 (a) indicates the plots of probability and class, as well as region and domain of Flavin oxidoreductase similarly as shown in Fig. 1 (a). Fig 2 (b) shows the 3D structure corresponding to the gene (PDB code 1qfj). The DNA sequence coding for Flavin oxidoreductase could be divided into seven regions, from I to VII. Fig. 2 (a) indicates the correspondence with the domain and the divided region. The regions from I to the most part of IV belonged to the domain at the N-terminus, the class and architecture of which, in accordance with the definition of CATH, are "Mainly Beta" and "Barrel," respectively. The regions from a part of IV to VII belonged to the domain at the C-terminus, the class and architecture of which is "Mainly Alpha Beta" and "3-Layer (aba) Sandwich," respectively. In this scheme, however, region IV was located so that it bridged over both domains. Thus, this gene could not be completely divided into the regions corresponding to the structural domains. (b) indicates the 3D structure of Flavin oxidoreductase (PDB code 1qfj). Blue and red indicate the two domains classified by CATH; one domain whose class is "Mainly Beta" and architecture is "Barrel" and the other whose class is "Alpha Beta" and architecture is "3-Layer (aba) Sandwich."
Analysis of probability for the DNA sequence of Integrase/recombinase xerD
The DNA sequence coding for Integrase/recombinase xerD was analyzed by the same method as that used for Flavodoxin reductase. Fig. 3 (a) indicates the plots of probability and class, and region and domain of Integrase/recombinase xerD similarly as those of Fig. 1 (a). Fig 3 (b) shows the 3D structure corresponding to the gene (PDB code 1a0p). The DNA sequence for Integrase/recombinase xerD could be divided into seven regions, from I to VII. Fig. 3 (a) indicates the correspondence with the domain and the divided region. The regions from I to III belonged to the domain at the N-terminus, the class and architecture of which, in accordance with the definition of CATH, are "Mainly Alpha" and "Orthogonal Bundle," respectively. The regions from IV to VII belonged to the domain at the C-terminus, the class and architecture of which, are "Mainly Alpha" and "Orthogonal Bundle," respectively. Each domain classified based on the "Class," derived from the secondary structure, "Architecture," which is derived from the gross orientation of the secondary structure, and "Topology" defined by CATH, corresponded with the divided region. -23  4  31  58  85  112  139  166  193  220  247  274  301  328  355  382  409  436  463  490  517  544  571  598  625  652  679  706  733  760  787  814  841  868  895  922 
Analysis of probability of DNA sequence in Endonuclease III
The DNA sequence coding for Endonuclease III was analyzed by the same method as that for Flavodoxin reductase. Fig. 4 (a) indicates the plots of probability and class, and region and domain of Endonuclease III as well as those of Fig. 1 (a). Fig 4 (b) shows the 3D structure corresponding to the gene (PDB code 2abk). The DNA sequence of Endonuclease III could be divided into eight regions, from I to VIII. Fig.4 (a) indicates the correspondence with the domain and the divided region. Regions I and from VI to VIII belonged to the domain at the N-terminus, class and architecture of which, according to the definition of CATH, are "Mainly Alpha" and "Orthogonal Bundle," respectively. Regions from II to V belonged to the domain at the C-terminus, whose class and architecture are "Mainly Alpha" and "Orthogonal Bundle," respectively. Each domain was classified based on "Class," derived from the secondary structure, "Architecture," which was derived from the gross orientation of the secondary structure and "Topology" as defined by CATH, corresponded with the divided region. (b) indicates the 3D structure of Endonuclease III (PDB code 2abk). Blue and red indicate the two domains classified by CATH, the class and architecture of both domains are "Mainly Alpha" and "Orthogonal Bundle."
Analysis of probability of the DNA sequence in Heat shock protein (grpE)
The DNA sequence of Heat shock protein (grpE) was analyzed by the same method as that for Flavodoxin reductase. Fig. 5 (a) indicates the plots of probability and class, and region and domain of Heat shock protein (grpE) similarly as those of Fig. 1 (a) . Fig. 5 (b) shows the 3D structure coded for by the gene (PDB code 1dkg). The DNA sequence of Heat shock protein (grpE) could be divided into six regions, from I to VI. Fig. 5 (a) indicates the correspondence with the domain and the divided region. Regions I, II, and III belonged to the domain at the N-terminus, the class and architecture of which, in accordance with the definition of CATH, are "Alpha Beta" and "Complex," respectively. The regions from IV to VI belonged to the domain at the C-terminus, the class and architecture of which, are "Mainly Beta" and "Roll," respectively. Each domain was classified based on "Class," derived from the secondary structure, "Architecture," which was derived from the gross orientation of the secondary structure, and "Topology" as defined by CATH corresponded with the divided region. (b) indicates the 3D structure of Heat shock protein (grpE) (PDB code 1dkg). Blue and red indicate the two domains classified by CATH. The class of one domain is "Alpha Beta" and the architecture is "Complex," the class of the other domain is "Mainly Beta" and the architecture is "Roll."
Analysis of probability of the DNA sequence in Elongation Factor Tu (tufB)
The DNA sequence of Elongation Factor Tu (tufB) was analyzed by the same method as that used for Flavodoxin reductase. Fig. 6 (a) indicates the plots of probability and class, and region and domain of Elongation Factor Tu similarly as those of Fig. 1 (a) . Fig. 6 (b) shows the 3D structure coded for by the gene (PDB code 1efu). The DNA sequence of Elongation Factor Tu (tufB) could be divided into eight regions, from I to VIII. Fig. 6 (a) indicates the correspondence with the domain and the divided region. The regions from I to IV belong to the domain at the N-terminus, the class and architecture of which, in accordance with the definition of CATH are "Alpha Beta" and "3-Layer (aba) Sandwich," respectively. Regions V and VI belong to the domain between the N-terminus and the C-terminus, the class and architecture of which are "Mainly Beta" and "Barrel," respectively. Regions VII and VIII belong to the domain at the C-terminus, and have the class and architecture of "Mainly Beta" and "Barrel," respectively. Each domain, which is classified on the basis of "Class" as derived from the secondary structure, "Architecture," which is derived from the gross orientation of the secondary structure, and "Topology" defined by CATH, corresponded with the divided region. (b) shows the 3D structure of Elongation Factor Tu (PDB code 1efu). Dark blue, pink, and red indicate the three domains classified by CATH, the class of the domain at the N-terminus is "Alpha Beta" and the architecture is "3-Layer (aba) Sandwich." For the remaining two domains, the class is "Mainly Beta" and the architecture is "Barrel." Table 2 indicates the summary of the comparison between the divided regions and the domain classified in accordance with the definition of CATH. The divided regions of five genes, except for Flavin oxidoreductase in Escherichia coli by the probability calculated using Markov models, corresponded to the domains classified on the basis of "Class," derived from the secondary structure, "Architecture," derived from the gross orientation of the secondary structure, and "Topology" defined by CATH. 
Comparison between the divided regions and the domain classified in accordance with the definition of CATH
Discussion
Six genes in Escherichia coli, Flavodoxin reductase, Flavin oxidoreductase, Integrase/recombinase xerD, Endonuclease III, Heat shock protein (grpE), and Elongation Factor Tu (tufB), were analyzed. Five of the six genes, with the exception of Flavin oxidoreductase, were demonstrated to be divided in correspondence with the domains as parts of the structure by using the probability of the DNA sequence. Especially, Flavodoxin reductase has two domains, the FAD domain and the NADP domain, which are related to function. The divided regions from I to III belonged to the FAD domain, where FAD is bound, and those from IV to VII belonged to the NADP domain, where NADP/NADPH is bound. These two domains exemplified the correspondence to the domains classified on the basis of "Class," derived from the secondary structure, "Architecture," derived from the gross orientation of the secondary structure, and "Topology" defined by CATH. By our analysis, however, the domain classified by CATH could be further divided into several more regions. But only region VI of Flavin oxidoreductase was bridged between two domains. Looking into more details, we could include one helix into the former domain among the two domains classified by CATH. We also noted that certain genes exist, such as that for Flavin oxidoreductase, which were not incorporated from the DNA sequence as a part of structure. Although there are genes that are not divided into regions corresponding to structure, we were able to find the genes that are divided into regions corresponding to structure by this method. Accordingly, it can be said that the methodology of the Markov model is a useful tool for dividing the DNA sequence of a gene into regions corresponding to the coded protein structure.
Although we will demonstrate the results of our analysis more clearly in next paper, we suggest that the DNA sequence of the gene could be divided into the regions, where gene transfer and recombination would have occurred. This is because the divided regions, which showed correspondence to the domains and the gross 3D protein structure, would be elucidated to have different origins by analysis of the probability with the Markov model. Therefore, it is clear that these five genes would be composed of the DNA sequences, which might have been collected from parts of domains of other species or by recombination within its genome. We concluded that these five genes would have been produced by means of such events as horizontal transfer, rearrangement, or recombination of its own DNA sequences or those from other species in the process of evolution.
